Werner syndrome (WS) is a rare autosomal recessive disorder that displays many of the clinical symptoms of normal aging at an early age. From the second decade of life onward, WS patients develop pathologies that resemble many of the traits of normal aging, such as osteoporosis, ocular cataracts, graying and loss of hair, diabetes mellitus, arteriosclerosis, and cancer. 1) WS is caused by mutation of a single gene that encodes a 1432-amino acid protein (WRN).
Mutation in the gene encoding the budding yeast ortholog of WRNIP1, maintenance of genome stability 1 (MGS1) causes hyper recombination and early aging in yeast cells. 10, 11) Genetic analyses using MGS1 mutants revealed that Mgs1p is required to prevent genome instability caused by replication arrest and is not involved in the repair of DNA lesions. 12) In addition, overproduction of Mgs1p is lethal or very toxic when it is combined with mutations in the genes that encode proteins involved in DNA replication, such as replication protein A, replication factor C, proliferating cell nuclear antigen and DNA polymerase d (Pold). 13) Mgs1p physically and functionally interacts in vivo with budding yeast Pol31, the second subunit of Pold. 14) Human WRNIP1 also interacts directly with human Pold and stimulates the DNA synthesizing activity of Pold by increasing initiation frequency of DNA synthesis from primers annealed on template DNA (template-primer DNA). 15) In this context, it is of note that WRN interacts with Pold 16) and stimulates the DNA synthesizing activity of Pold by increasing the length of synthesized DNA. 17) Since WRNIP1 interacts with WRN, 10, 18) WRNIP1 and WRN may interact with templateprimer DNA in a cooperative fashion to regulate the activity of Pold. However, the biochemical relationships between WRNIP1 and WRN at the template-primer DNA remain elusive.
In this study, the biochemical relationships between purified WRNIP1 and WRN on template-primer DNA were analyzed.
MATERIALS AND METHODS

Protein Preparation
Preparation of baculovirus for the expression of human WRNIP1 was described previously. 15) High-5 cells infected with recombinant virus encoding FLAG-WRNIP1 were cultured for 3 d and collected by centrifugation. Cells were lysed with 0.5% NP-40 in buffer A (50 mM Tris-HCl [pH 7.9], 150 mM NaCl, 10% glycerol, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM phenylmethylsulfonyl fluoride (PMSF), 20 mg/ml leupeptin) for 10 min on ice, and NaCl was added to the cell lysate at a final concentration of 500 mM. After standing on ice for 30 min, the cell lysate was centrifuged at 70000 rpm with TLA 100.3 rotor (Beckman) for 30 min at 4°C. The cleared lysate was incubated with anti-FLAG agarose beads (SIGMA) at 4°C for 60 min. The beads were packed into a column. After washing the column with buffer B (25 mM Hepes-NaOH [pH 7.8], 1 mM EDTA, 10% glycerol, 0.01% NP-40, 1 mM PMSF, and 20 mg/ml leupeptin) containing 150 mM NaCl, FLAG-WRNIP1 was eluted with buffer B containing 150 mM NaCl and 0.1 mg/ml FLAG peptide. The eluted fraction was loaded onto a MonoQ column (GE Healthcare), washed with buffer B containing 150 mM NaCl, and then developed by elution with a linear gradient of 150 to 800 mM NaCl in buffer B. The peak fraction was dialyzed against buffer B containing 100 mM NaCl.
To prepare WRN, baculovirus expressing (His) 6 -WRN was used to infect High-5 cells. The process for preparation of the cell lysate was the same as that for FLAG-WRNIP1 lysate. The lysate was passed through a DE52 (Whatman) column equilibrated with 500 mM NaCl in buffer A without EDTA to remove nucleic acids. The flow-through fraction was loaded onto a Ni-NTA column equilibrated with buffer C (20 mM potassium phosphate [pH 7.5], 1 mM PMSF, and 20 mg/ml leupeptin) containing 500 mM NaCl. After loading, the Ni-NTA column was washed with buffer C containing 200 mM NaCl and 25 mM imidazole, and eluted with buffer C containing 200 mM NaCl and 200 mM imidazole. The presence of WRN was monitored by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Fractions containing WRN were pooled, concentrated using VI-VASPIN 20 (Sartorius), and loaded onto a MonoS column (GE Healthcare). After washing the column with buffer B containing 200 mM NaCl, proteins bound to the column were eluted with buffer B containing 500 mM NaCl. The peak fraction was dialyzed against buffer B containing 100 mM NaCl.
Preparation of DNA Substrates Oligonucleotides 20-oligomer A1 and 46-oligomer A3 were previously reported. 19) 46-Oligomer A3 is partially complementary to 20-oligomer A1. 19) Oligonucleotide 120N2R-40ss was previously reported, [20] [21] [22] and oligonucleotide 20N2 (3Ј) was 5Ј-GCATC CTCAC CATCA ACTCA-3Ј. The template-primer DNA with a 20-nucleotide double-strand region and 60-nucleotide single-strand region was prepared by annealing 120N2R-40ss and 20N2 (3Ј). The 46-oligomer A3 and 120N2R-40ss were labeled with biotin using the Biotin 3Ј-End DNA Labeling Kit (PIERCE), and then annealed to 20-oligomer A1 and 20N2 (3Ј), respectively.
Electrophoretic Mobility Shift Assay (EMSA) Template-primer DNA (20 fmol) was incubated with the indicated amount of WRN and/or WRNIP1 in 10 ml of a reaction mixture containing 25 mM Tris-HCl [pH 7.4], 1 mM dithiothreitol, 4 mM MgCl 2 , 2 mM ATP, and 0.1% Tween 20 at 37°C or on ice. Reaction products were analyzed using 4.5% native polyacrylamide gel electrophoresis (native-PAGE) in TBE buffer (45 mM Tris-borate, 1 mM EDTA), detected using LightShift Chemiluminescent EMSA kit (PIERCE) and visualized using a LAS-3000 Imager (FUJIFILM).
DNA Helicase Assay The 20-oligomer A1 was labeled at the 5Ј-end with 32 P by T4 polynucleotide kinase and [g-32 P] ATP, and annealed to 46-oligomer A3. The volume and components of the reaction mixture were the same as those for EMSA. The reaction mixture was incubated at 37°C for 1 min, and resolved by 12% native PAGE. Radioactive bands were visualized using a FLA-9000 Biomolecular Imager (FUJIFILM). The percentage of displaced products was quantified using the following formula: substrate unwound (percentage displacement)ϭ100ϫP/(total DNA), where P is the amount of displaced strand product. Background correction was carried out using control reactions that excluded the enzyme and included either native or heat-denatured substrate.
RESULTS
Binding of WRN to Template-Primer DNA WRNIP1 and WRN bind to a variety of DNA substrates in vitro 22, 23) , however, in vivo substrates for these proteins are not known. Since WRNIP1 and WRN are reported to stimulate the DNA synthesizing activity of Pold in vitro, 15, 17) substrates used to assay DNA polymerase activity of Pold, which mimic the structure of a primer annealed on a template DNA, were employed to examine the biochemical relationships between WRNIP1 and WRN. A 46-mer oligonucleotide annealed to a 20-mer oligonucleotide (template-primer DNA) was prepared and used as a substrate to assay the DNA helicase activity of WRN (Fig. 1A) .
Electrophoretic mobility shift assays (EMSA) using purified His-WRN were used to test whether this substrate could be used to detect complex formation of WRN with DNA. Binding of WRN to the template-primer DNA was more prominent when the reaction mixture was incubated on ice than at 37°C (Fig. 1B) , probably because WRN moved more efficiently on the template DNA at 37°C, resulting in disso- When an anti-WRN antibody was added to the reaction mixture for the binding assay containing WRN and the template-primer DNA, the high molecular weight band was super-shifted toward bottom of the wells (Fig. 1C) . Although the lower molecular weight band appeared in the presence of WRN, this band was not super-shifted by the anti-WRN antibody. Since it was not clear why the lower band did not super-shift, the upper band was examined hereafter.
Because WRN possesses the Walker A and B motifs, which are involved in binding and hydrolysis of ATP, the effect of ATP on the binding of WRN to the template-primer DNA was examined. Little difference was observed in the amount of WRN-DNA complex formed in the presence or absence of ATP (Fig. 1D) , suggesting that ATP is not essential for the binding of WRN to template-primer DNA.
ATP-Dependent Binding of WRNIP1 to TemplatePrimer DNA WRNIP1 is reported to bind to a variety of DNA substrates; however, it has not been determined whether WRNIP1 interacts with the DNA structure shown in Fig. 1A panel b . Thus, the binding of WRNIP1 to the template-primer DNA was examined by EMSA using purified FLAG-WRNIP1 ( Fig. 2A) . A shifted band was increased in a WRNIP1 dose-dependent manner when the reaction mixture was kept on ice or at 37°C (Fig. 2B) . When an anti-FLAG antibody was added to the reaction mixture containing WRNIP1 and template-primer DNA, the band was supershifted ( Fig. 2C) , which suggested that the shifted band corresponded to WRNIP1 bound to the template-primer DNA.
WRNIP1 is a member of the AAAϩ family proteins that possess the Walker A and B motifs, and it was previously shown that WRNIP1 interacts with a forked DNA in the presence of ATP. 22) The ATP dependence of WRNIP1 binding to the template-primer DNA was tested. Unlike WRN (Fig. 1D) , the shifted band corresponding to WRNIP1-DNA complex appeared only in the presence of ATP (Fig. 2D) .
Considering the different modes of binding of WRN and WRNIP1 to template-primer DNA, we chose incubation on ice in the presence of ATP as the optimal condition to examine the simultaneous binding of both proteins to the template-primer DNA.
WRNIP1 Stimulates Binding of WRN to TemplatePrimer DNA Although binding of WRNIP1 to WRN has been demonstrated in vitro and in the cell, 10, 18) it is not clear how WRNIP1 biochemically affects the function of WRN. Therefore, studies were performed to determine if WRNIP1 affects binding of WRN to template-primer DNA. As shown in Fig. 3A, 20 fmol of WRN yielded faint band-shifts (lane 2). The intensity of the shifted bands increased with the addition of WRNIP1 in a dose-dependent manner (lanes 3-6). However, in the absence of WRN, a band corresponding to the complex of WRNIP1 and template-primer DNA migrated at the very close position to the high molecular weight band that appeared in the presence of WRN and increased by the addition of WRNIP1 (lanes 7-10). Thus, there are three possibilities: the band in the presence of WRN and WRNIP1 consists of only the WRN-DNA complex, only the WRNIP1-DNA complex, or both complexes.
To discriminate among these possibilities, anti-FLAG and/or anti-WRN antibodies that recognize WRNIP1 or WRN, respectively, were added in the reaction mixture. The high molecular weight band disappeared with the addition of anti-WRN, but not with the addition of anti-FLAG antibody (Fig. 3B, lanes 4 and 5) , suggesting that the band corresponds to the WRN-DNA complex and that WRNIP1 stimulates binding of WRN to template-primer DNA.
To confirm the stimulatory effect of WRNIP1 on the binding of WRN to template-primer DNA, an experiment similar to that shown in Fig. 3A was performed using another template-primer DNA, which was eventually shown to be a poor substrate for WRNIP1 binding. As shown in Fig. 3C , a limited amount of WRN yielded faint bands in the presence of this DNA (lane 2). The intensity of the bands was increased by the addition of WRNIP1 in a dose-dependent manner (lanes 3-6). WRNIP1 itself showed no bands or a very faint band even when present in excess (lane 7), confirming that WRNIP1 stimulates binding of WRN to template-primer DNA.
Biochemical Interaction between WRNIP1 and WRN Since WRNIP1 stimulates binding of WRN to templateprimer DNA, a substrate for DNA helicase activity of WRN, the effect of WRNIP1 on the DNA helicase activity of WRN was examined. WRNIP1 neither stimulated nor inhibited the DNA helicase activity of WRN (Fig. 4A) .
To determine whether WRN affects WRNIP1 pre-bound to template-primer DNA, the reaction mixture containing WRNIP1 and template-primer DNA was kept on ice for 20 min to allow WRNIP1 to bind to DNA, then various amounts of WRN were added to the reaction mixture, followed by incubation for 1 min at 37°C. WRNIP1 dissociated from the template-primer DNA upon addition of WRN in a dose-dependent manner (Fig. 4B) . Rapid dissociation of WRNIP1 from DNA may be due to the DNA helicase activity of WRN that unwinds primer DNA (Fig. 4A) , because WRNIP1 binds to template-primer DNA but not to singlestranded DNA (Fig. 4C) .
DISCUSSION
WRNIP1 was identified as a protein that interacts with WRN, 10) the product of the gene responsible for Werner syndrome, and is conserved from E. coli to human. In this study, WRNIP1 enhanced the binding of WRN to template-primer DNA (Fig. 3) , but did not affect the DNA helicase activity of WRN (Fig. 4) . Conversely, WRN dissociated WRNIP1 from the DNA (Fig. 4) . WRNIP1 and WRN, both of which interact with Pold and facilitate the DNA synthesis activity of Pold, [14] [15] [16] [17] the DNA polymerase responsible for Okazaki fragment synthesis. Since the substrate used for EMSA was a template-primer DNA, WRNIP1 may recruit WRN to singlestrand and double-strand junction at the end of primers. It is not clear at present why WRNIP1 did not affect the DNA helicase activity of WRN, even though it enhanced the binding of WRN to template-primer DNA. Pold was recruited to template-primer DNA and stimulated its DNA synthesizing activity by WRNIP1. 15) Thus, it is plausible that WRNIP1 recruits WRN to the 3Ј end of the primer on a template in a manner similar to that of Pold, but WRN does not show helicase activity because the primer is annealed at the opposite side of WRN for the direction of its helicase activity. The fact that WRN dissociated WRNIP1 bound to DNA indicates that WRN displaces WRNIP1 and stimulates DNA polymerase activity of Pold in the elongation step. These issues will be addressed in future studies.
Studies using Saccharomyces cerevisiae suggested that Mgs1p and Sgs1p, which are the yeast orthologs of WRNIP1 and WRN, respectively, independently participate in maintenance of genome integrity.
11) Furthermore, the study of a chicken DT40 wrnip1-wrn double knockout cells also suggested that these two proteins function independently in maintenance of genome integrity in vertebrate cells. 18) However, the biochemical interactions between WRNIP1 and WRN shown in the present study suggest that WRNIP1 and WRN act together under certain conditions. This possibility is not necessarily incompatible with genetic data obtained from budding yeast and DT40 cells.
In addition to Pold, Mgs1p physically and genetically interacts with Rad6-Rad18 that is involved in DNA damage tolerance pathway.
12) A physical interaction between human WRNIP1 and RAD18-RAD6B was confirmed both in vitro and in vivo. 22) Furthermore, WRNIP1 was recruited to DNA bound by RAD18 via protein-protein interactions and displaces RAD18 from the DNA. 22) In this context, it seems likely that WRNIP1 is recruited to the RAD18-DNA complex and displaces RAD18, followed by WRNIP1-induced recruitment of Pold and WRN to the DNA originally recognized by RAD6-RAD18. Next, WRN may displace WRNIP1 and DNA helicase activity of WRN may enhance DNA polymerase activity of Pold in the elongation step. Studies using RAD6-RAD18 pathway proteins, WRNIP1, WRN, and Pold, should help to shed light on the mechanisms of damage avoidance pathways, and the functional relationships between WRNIP1 and WRN.
